The discovery of a protein N-glycosylation system in the bacterium Campylobacter jejuni (30, 35) and the functional transfer of the corresponding gene locus into Escherichia coli (33) have raised the possibility of using the latter, a workhorse of molecular biology, for the heterogenous expression of glycosylated proteins (16, 18, 28, 34) . Such efforts have gained further impetus with the introduction of the pilin glycosylation systems from Pseudomonas aeruginosa and Neisseria meningitidis into E. coli, resulting in customized protein O-glycosylation (14) (15) (16) .
The prospect of creating an archaeal system capable of generating glycoproteins bearing tailored glycan moieties is also enticing, particularly if such a system could exploit the broad diversity in composition of Asn-linked oligosaccharides decorating archaeal glycoproteins (see reference 12). Archaeal proteins, moreover, often possess the added benefit of being able to withstand physical conditions that would normally lead to protein denaturation and aggregation, properties possibly augmented by glycosylation. Unfortunately, progress in creating archaeal "glyco-factories" had been hampered by the limited information available on the workings of the archaeal N-glycosylation pathway (see reference 19) . Over the last few years, however, genes encoding many of the enzymes involved in N-glycosylation in three different archaeal species, i.e., Haloferax volcanii (Hfx. volcanii), Methanococcus voltae, and Methanococcus maripaludis, have been identified (for a review, see references 4, 10, and 37).
In Hfx. volcanii, products of the agl genes are responsible for adding a pentasaccharide to select Asn residues of the surface (S)-layer glycoprotein, a protein that serves as a reporter of N-glycosylation in this species. Specifically, AglJ, AglG, AglI, AglE, and AglD are predicted glycosyltransferases (2, 3, 38) . AglM, a UDP-glucose dehydrogenase, and AglF, a glucose-1-phosphate uridyltransferase, are involved in the biosynthesis of pentasaccharide hexuronic acids (39) . AglP is a methyltransferase that participates in the generation of the methyl ester of hexuronic acid found at position four of the N-linked pentasaccharide decorating the S-layer glycoprotein (21) . Finally, AglB serves as the oligosaccharyltransferase in Hfx. volcanii (2) . Examination of the Hfx. volcanii genome reveals that all of the genes encoding these proteins, with the exception of aglD, are grouped into a single cluster (36) .
In addition to Hfx. volcanii, the complete genome sequences of other halophilic archaea are available (at http://archaea.ucsc .edu/, http://www.halolex.mpg.de/public/, and http://edwards .sdsu.edu/halophiles/#aboutlink). Analysis of the genomes of Halobacterium sp. NRC-1 (24) , Halobacterium salinarum (Hbt. salinarum) (26) , Haloarcula marismortui (Hma. marismortui) (5), Haloquadratum walsbyi (Hqr. walsbyi) (7, 9) , and Natronomonas pharaonis (13) reveals the presence of homologues to many Hfx. volcanii agl gene sequences, and, as in Hfx. volcanii, these homologous sequences, too, are often clustered into gene islands (20, 36) .
While the involvement of haloarchaeal homologues of Hfx. volcanii Agl proteins in N-glycosylation in the native hosts remains to be shown, the ability to delete Hfx. volcanii of genes of interest and subsequently exploit appropriate vectors to complement the deletion allows for testing of the impact of introducing various haloarchaeal agl gene homologues into Hfx. volcanii lacking a given N-glycosylation gene. Accordingly, Hfx. volcanii cells with a deletion of aglD, involved in adding the final hexose to the pentasaccharide N-linked to the Hfx. volcanii S-layer glycoprotein (2), were transformed to express the AglD homologue from Hbt. salinarum, Hma. marismortui, or Hqr. walsbyi, and the subsequent effect on S-layer glycoprotein N-glycosylation was considered. The efforts reported here represent, therefore, initial steps toward developing Hfx. volcanii into an archaeal protein glycosylation workshop.
MATERIALS AND METHODS
Strains and growth conditions. The Hfx. volcanii parent strain WR536 (H53) and the same strain with a deletion of aglD (1) were grown at 40°C in complete medium (22) as were Hma. marismortui (23) , Hqr. walsbyi (7) , and Hbt. salinarum (25) . For growth of Hbt. salinarum cells in low-salt buffer, complete medium in which the NaCl concentration was reduced to 1.75 M was used. For heat shock, Hbt. salinarum cells growing in complete medium were transferred to a 55°C shaker for 15 or 45 min.
Plasmid construction. The construction of plasmid pWL-CBD-AglD was described previously (27) . To generate plasmid pWL-CBD-rrnAC1873, encoding Clostridium thermocellum cellulose-binding domain (CBD)-tagged Hma. marismortui rrnAC1873, genomic DNA was isolated from Hma. marismortui cells, and rrnAC1873 was PCR amplified using primers Hmafor and Hmarev, designed to introduce NdeI and KpnI sites at the 5Ј and 3Ј ends of the amplified sequence, respectively. The amplified fragment was then ligated into plasmid pWL-CBDAglD, pretreated with NdeI and KpnI so as to remove the aglD insert. Using the primer pair Hqrfor and Hqrrev and primer pair Hbtfor and Hbtrev, together with the same strategy as above, plasmid pWL-CBD-1489A, encoding CBD-tagged Hqr. walsbyi 1489A, and plasmid pWL-CBD-OE1482, encoding CBD-tagged Hbt. salinarum OE1482, were generated, respectively. The sequences of the primers used are listed in Table 1 .
RT-PCR. Reverse transcriptase PCR (RT-PCR) was performed as described previously (1) using the primers listed in Table 1 . The peptides were extracted with 0.1% (vol/vol) formic acid in 20 mM NH 4 HCO 3 , followed by sonication for 20 min at room temperature, dehydration with 50% (vol/vol) acetonitrile, and additional sonication. After three rounds of extraction, the gel pieces were dehydrated with 100% acetonitrile and dried completely with a SpeedVac. The digested peptide mixtures were resuspended in 5% (vol/vol) acetonitrile containing 100 mM acetic acid and infused into the mass spectrometer using static nanospray Econotips (New Objective, Woburn, MA). The protein digests were separated on line by nano-flow reverse-phase liquid chromatography (LC) by bomb loading onto a 150-mm by 75-mm (internal diameter) prepacked 5-mm C 18 reverse-phase column (Thermo Fisher Scientific, Bremen, Germany). The sample was eluted into the LTQ Orbitrap XL mass spectrometer (Thermo Fisher Scientific) using a 70-min linear gradient of 100 mM acetic acid to 100 mM acetic acid-70% (vol/vol) acetonitrile at a flow rate of 60 nl/min. LC-tandem MS (MS/MS) experiments comprised seven scan events, namely, an MS1 scan with Orbitrap mass analysis, followed by a 65-V source collision-induced dissociation (CID) of the six most abundant precursors. Fragment ions generated by CID were analyzed in the ion trap mass analyzer. The full MS range was between 400 and 2,000 m/z, while the MS/MS range was between 200 and 2,000 m/z.
LC-MS/MS.
Other methods. Proteins bearing the CBD moiety were detected by immunoblotting using polyclonal antibodies raised against the C. thermocellum cellulosebinding domain (1:10,000; obtained from Ed Bayer, Weizmann Institute of Science). Antibody binding was detected using goat anti-rabbit horseradish peroxidase (HRP)-conjugated antibodies (1:4,000; Bio-Rad, Hercules, CA) and an ECL enhanced chemiluminescence kit (Amersham). Periodic acid-Schiff reagent (PAS) glycoprotein staining was performed as described previously (11) .
RESULTS

Homologues of
Hfx. volcanii AglD are found in other haloarchaea. Hfx. volcanii AglD is a component of the N-glycosylation apparatus of this species, involved in adding the final sugar subunit of the pentasaccharide decorating select Asn residues of the S-layer glycoprotein (2). Homology-based searches revealed that homologues of AglD are encoded by the genomes of Hma. marismortui (rrnAC1873; 67% identity), Hqr. walsbyi (1489A; 64% identity), and Hbt. salinarum (OE1482; 62% identity). Hfx. volcanii AglD (2), Hma. marismortui rrnAC1873, Hqr. walsbyi 1489A, and Hbt. salinarum OE1482 are all predicted to contain a soluble N-terminal domain of comparable size, followed by six C-terminal membrane-spanning domains (Fig. 1A) . The sequences differ more in the C-terminal domain, that region of glycosyltransferases responsible for acceptor recognition and generally showing higher variability (8) , than in the N-terminal region. All three AglD homologues, however, contain aspartic acid residues at positions equivalent to Hfx. volcanii D110, D112, and D201, residues predicted to form the DXD motif involved in donor binding and the catalytic base of the Hfx. volcanii enzyme, respectively (17) .
Phylogenetic analysis of AglD homologues from both complete and incomplete haloarchaeal genomes (as listed at http: //www.ncbi.nlm.nih.gov/sutils/genom_table.cgi?; accessed August 2009) reveals the evolutionary proximity of the various haloarchaeal versions of AglD, which cluster in a group distinct from Hfx. volcanii AglE, AglG, AglI, and AglJ, other glycosyl- (Fig. 2,  upper panels) . Next, experiments were undertaken to exploit the earlier observation that the behavior of the Hfx. volcanii S-layer glycoprotein is modified upon deletion of aglD. Specifically, upon deletion of aglD, the S-layer glycoprotein migrates faster in SDS-PAGE gels than does the same protein from cells encoding AglD. Furthermore, the S-layer glycoprotein in the deletion strain can no longer be labeled by the PAS glycostain. When cells lacking AglD are transformed to express a plasmidencoded version of the protein, however, these effects on Slayer glycoprotein behavior are reversed (17) . As shown in Fig.  2 (middle and lower panels), the same holds true when Hfx. volcanii cells lacking AglD were transformed to express Hma. marismortui rrnAC1873, Hqr. walsbyi 1489A, or Hbt. salinarum OE1482.
To further address whether the S-layer glycoprotein from Hfx. volcanii ⌬aglD cells complemented to express Hfx. volcanii AglD, Hma. marismortui rrnAC1873, Hqr. walsbyi 1489A, or Hbt. salinarum OE1482 behaves similarly in each case, the susceptibility of the Hfx. volcanii S layer to added proteinase K was considered in each population of transformed cells. The S layer of Hfx. volcanii corresponds to a protein shell surrounding the cell and is thought to comprise a single component, namely, the S-layer glycoprotein (29) . Moreover, the S-layer glycoprotein can be readily identified by SDS-PAGE because it is the dominant protein on the gel and because its migration as an approximately 180-kDa species clearly separates it from the bulk of Hfx. volcanii proteins. As presented in Fig. 3 , the S layer of cells of the Hfx. volcanii parent strain was seemingly unaffected by a 3-h incubation with proteinase K, as reflected in the relatively constant level of the Coomassie-stained Slayer glycoprotein. In contrast, the S-layer glycoprotein was readily digested when cells with a deletion of aglD were similarly exposed to the protease. When, however, the deletion strain was transformed to express tagged versions of the absent Hfx. volcanii protein, of Hma. marismortui rrnAC1873, of Hqr. walsbyi 1489A, or of Hbt. salinarum OE1482, protease resistance of the S layer was restored to that level noted with the parent strain. In addition, Hfx. volcanii ⌬aglD cells transformed to express CBD-tagged versions of Hfx. volcanii AglD, Hma. marismortui rrnAC1873, Hqr. walsbyi 1489A, and Hbt. salinarum OE1482 all presented similar growth profiles (data not shown). Finally, in cells of the deletion strain expressing plasmid-encoded AglD or any of its homologues, the extent of S-layer glycoprotein release into the growth medium was comparable (data not shown).
Together, these results reveal that AglD and each of its haloarchaeal homologues are functionally equivalent in terms of their ability to modify both S-layer glycoprotein processing and the ability of this reporter of N-glycosylation to assemble into a multimeric complex, which is reflected in S-layer stability.
Haloarchaeal AglD homologues add a hexose to the final position of the S-layer glycoprotein N-linked pentasaccharide. Based on sequence homology considerations and the results of mass spectrometry studies, Hfx. volcanii AglD was designated as the glycosyltransferase responsible for adding the terminal hexose to the N-linked pentasaccharide decorating the S-layer glycoprotein (2). To determine whether AglD homologues from Hma. marismortui, Hqr. walsbyi, and Hbt. salinarum also catalyze the addition of a terminal hexose to the glycan Nlinked to the Hfx. volcanii S-layer glycoprotein, mass spectrometry was performed on an Asn-13-containing glycopeptide derived from the S-layer glycoprotein (2) isolated from Hfx. volcanii cells deleted of aglD and subsequently transformed to express CBD-tagged versions of AglD, Hma. marismortui rrnAC1873, Hqr. walsbyi 1489A, or Hbt. salinarum OE1482. As reflected in Fig. 4 and summarized in Table 2 2,448.72 ). In addition, the same peptide bearing the presumably precursor tetra-, tri-, di-, and monosaccharides was also detected. The detection of a pentasaccharide-modified peptide in ⌬aglD cells transformed to express CBD-AglD (Fig. 4) confirms both that complementation of the deletion strain restores AglD function and that the added CBD moiety does not compromise enzyme activity. Furthermore, the fact that identical mass spectrometry profiles were obtained for the Asn-13-containing S-layer glycoproteinderived peptides from each of the strains engineered to express an AglD homologue (Fig. 4B to D) Although expressed in Hfx. volcanii, Hbt. salinarum OE1482 is not transcribed in the native host. While the various haloarchaeal homologues of AglD can functionally replace the absent Hfx. volcanii protein, the roles played by these proteins in their native hosts are not known. Accordingly, RT-PCR was first conducted to confirm that the Hma. marismortui rrnAC1873, Hqr. walsbyi 1489A, and Hbt. salinarum OE1482 gene sequences are indeed transcribed in their native hosts. Accordingly, RNA isolated from Hma. marismortui and Hbt. salinarum cells grown to mid-logarithmic phase in rich medium and from a standing culture of Hqr. walsbyi was used to generate cDNA. PCR was then performed using primers directed against the rrnAC1873, 1489A, and OE1482 gene sequences. Figure 5A (left panels) shows that only a transcript-derived PCR product for the Hma. marismortui aglD homologue was detected. For each species, RT-PCR of 16S rRNA was performed as a positive control (Fig. 5A, right panels) .
To determine whether the failure to detect a transcriptderived PCR product from Hbt. salinarum OE1482 was due to growth stage-or growth condition-dependent considerations, RT-PCR was repeated, this time using cDNA generated from the RNA of Hbt. salinarum cells challenged with various growth paradigms. As above, no transcript-derived PCR product from Hbt. salinarum OE1482 could be generated from cells grown to stationary phase (Fig. 5B, middle panel) , from cells raised in hyposaline medium (not shown), or from cells subjected to a 15-or 45-min heat shock (data not shown). In contrast, the neighboring OE1488 sequence was readily transcribed in Hbt. salinarum cells grown to mid-logarithmic phase in rich medium, as well as in cells grown to stationary phase (Fig. 5B, lower panel) . In these experiments, as above, RT-PCR of 16S rRNA was performed as a positive control (Fig.  5B, upper panel) . The transcription of Hbt. salinarum OE1482 in Hfx. volcanii but apparently not in the native host offers encouragement to continue developing Hfx. volcanii as a glycoengineering platform. Finally, given the extremely low rate at which Hqr. walsbyi grows in the laboratory, transcription of 1489A was not further pursued.
DISCUSSION
The detection of the oligosaccharyltransferase-encoding aglB gene in numerous species suggests that N-glycosylation is widespread in Archaea (20) . Moreover, the heterogeneity seen in the N-linked glycans of archaeal glycoproteins identified to date (approximately 12) implies that an enormous array of enzymes is involved in this posttranslational modification. With the ultimate aim of harnessing this variety for applied purposes, a suitable platform for hosting chimeric N-glycosylation pathways is needed. Offering the opportunity for simple heterologous expression of nonnative proteins, possessing a relatively well-defined N-glycosylation pathway, and presenting a readily accessible reporter target for N-glycosylation in the form of the S-layer glycoprotein, Hfx. volcanii represents a model system of choice for such efforts.
As a first step in such an endeavor, the ability of three haloarchaeal homologues of Hfx. volcanii AglD to replace the native enzyme was considered. AglD was selected for such efforts, given the availability of a simple in vivo assay to define enzyme function (17) . As judged by the ability of Hfx. volcanii AglD, Hma. marismortui rrnAC1873, Hqr. walsbyi 1489A, and Hbt. salinarum OE1482 to restore S-layer glycoprotein SDS-PAGE migration, glycostaining, and mass spectrometry profile to transformed Hfx. volcanii ⌬aglD cells, as well as S-layer proteolytic resistance, it was concluded that the nonnative enzymes are not only functional following heterologous expression in Hfx. volcanii but also add hexoses to position five of the pentasaccharide N-linked to the S-layer glycoprotein. Still, the unequal incorporation of radiolabeled sugar subunits in the various transformed cell populations (D. Calo and J. Eichler, unpublished observations) could reflect differences in the actions of the different glycosyltransferases. It will be possible to confirm this hypothesis once ongoing efforts have successfully defined the precise composition of the S-layer glycoprotein N-linked pentasaccharide.
While Hma. marismortui rrnAC1873, Hqr. walsbyi 1489A, and Hbt. salinarum OE1482 all proved to be functional in Hfx. volcanii, the true role of these proteins in their native hosts remains to be defined. In the present study, it was shown that transcripts of Hma. marismortui rrnAC1873 could be detected in the native host. This could point to similarities between the glycan putatively decorating the 40 putative N-glycosylation sites of the Hma. marismortui S-layer glycoprotein, rrnAC0971, and its N-linked Hfx. volcanii counterpart. Specifically, as AglD is assigned as the glycosyltransferase catalyzing the addition of a hexose residue to the methyl ester of hexuronic acid found at position four of the glycan N-linked to the Hfx. volcanii S-layer glycoprotein (2, 21) , the transcription of Hma. marismortui rrnAC1873 in the native host could reflect a similar linkage being found in the Hma. marismortui S-layer glycoprotein.
In contrast to Hma. marismortui rrnAC1873, no transcription of Hbt. salinarum OE1482 was detected in cells grown in any of several conditions tested, unlike the neighboring OE1488 or 16S rRNA sequences. Still, despite a failure to observe the transcription of OE1482 in cells grown to logarithmic and stationary phases, under low-salt conditions or following heat shock in the present report, a PCR productbased DNA microarray study nonetheless reported a 1.115-fold increase in OE1482 transcription in cells growing under anaerobic and phototrophic conditions, relative to aerobic conditions (32) . Yet the basal level of the transcript was not reported, nor was OE1482 transcription confirmed by RT-PCR using specific primers. Moreover, OE1482 was not detected when the membrane proteomes of Hbt. salinarum cells grown under the same anaerobic and phototrophic or aerobic conditions were addressed (6) . How thus can the presence of a seemingly nontranscribed glycosyltransferaseencoding gene in the Hbt. salinarum genome be explained? It is conceivable that OE1482 is expressed under a specific set of conditions not tested here. Alternatively, the OE1482 transcript may not be stable under the conditions tested in the present study. Regardless, the results presented here demonstrate the ability of Hfx. volcanii to express foreign enzymes and incorporate them into its N-glycosylation pathway, even though such enzymes are not central to this posttranslational modification in the native host. Indeed, although Hbt. salinarum OE1482 expressed in Hfx. volcanii readily catalyzed the addition of a hexose residue to a methyl ester of a hexuronic acid (as Hfx. volcanii AglD is thought to do [2, 21] ), the N-linked glycans decorating the Hbt. salinarum S-layer glycoprotein and flagellin do not include a hexose added to a hexuronic acid (19) . Finally, as with Hbt. salinarum OE1482, transcription of Hqr. walsbyi 1489A in the native host was not detected either. In this case, however, it is premature to draw any conclusions, given the general lack of information on this species and its low growth rate under laboratory conditions. Thus, the possibil- (A) RT-PCR was performed using genomic DNA, RNA, or cDNA generated from RNA collected from Hbt. salinarum and Hma. marismortui cells grown to mid-exponential phase or from a standing culture of Hqr. walsbyi as a template. Blank, no nucleic acid. Amplification was performed using primers directed against the aglD homologues or the 16S rRNA sequence of each species. (B) RT-PCR was performed using cDNA generated from RNA collected from Hbt. salinarum cells in the logarithmic or stationary phases of growth or the RNA itself as a template, together with primers against Hbt. salinarum 16S RNA, OE1482, or OE1488. In each case, PCR was performed using genomic DNA or no nucleic acids as a template, as positive and negative controls, respectively.
5690
CALO ET AL. APPL. ENVIRON. MICROBIOL.
ity remains that this protein is expressed under different growth conditions than the single situation tested here. The experiments described in this study represent the first steps in assessing the suitability of Hfx. volcanii as a platform for the synthesis of variable N-linked glycans relying on introduced N-glycosylation pathway components originating from other archaeal species. The results reveal that the nonnative glycosyltransferases considered here are functional in Hfx. volcanii, even though they are not constitutively recruited and/or possibly do not catalyze different reactions in their native host. In the future, the ability of other haloarchaeal proteins to replace their Hfx. volcanii homologues will be tested, as will the functionality of other glycosylation-related enzymes found in haloarchaea but not in Hfx. volcanii.
